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metal layer is deposited over the surface of the substrate 
and within the contact opening wherein most of the 
barrier metal is deposited on the bottom of the contact 
opening rather than on the sides of the opening. A metal 
layer is cold sputtered over the barrier metal layer, then 
the metal is hot sputtered over the cold-sputtered metal 
layer wherein the cold and hot sputtering are continu 
ous operations to complete the metallization of the inte 
grated circuit. 
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ALUMINUM PLUG PROCESS 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 
The invention relates to a method of metallization of 

an integrated circuit device, and more particularly, to a 
metallization method with good step coverage in the 
manufacture of an integrated circuit device. 

(2) Description of the Prior Art 
In the fabrication of integrated circuit devices, metal 

layers make contact to lower conductive layers of the 
integrated circuit through vias in an insulating layer. 
Aluminum is often used as the interconnection metal. 
However, the sputtering process used to apply the alu 
minum often results in incomplete ?lling of the via 
openings. Large aluminum grains tend to form on the 
surface of the insulating layer within the via openings, 
causing voids. 

Differing temperatures and deposition rates have 
been used to try to overcome the problem of voids. U.S. 
Pat. Nos. 4,994,162 to Armstrong et al and 5,108,951 to 
Chen et al describe such methods. 

SUMMARY OF THE INVENTION 

A principal object of the present invention is to pro 
vide an effective and very manufacturable method of 
metallization in the manufacture of an integrated circuit 
which prevents the formation of voids. 

In accordance with the objects of this invention a 
new method of metallization of an integrated circuit is 
achieved. This method can be used for a ?rst metalliza 
tion to contact the semiconductor substrate regions or 
for a subsequent metallizations for interconnection 
within the integrated circuit. An insulating layer is pro 
vided over the surface of a semiconductor substrate or 
over a metallization layer. At least one contact opening 
is made through the insulating layer to the semiconduc 
tor substrate or to the metallization layer. A barrier 
metal layer is deposited over the surface of the substrate 
and within the contact opening wherein most of the 
barrier metal is deposited on the bottom of the contact 
opening rather than on the sides of the opening. A metal 
layer is cold sputtered over the barrier metal layer, then 
the metal is hot sputtered over the cold-sputtered metal 
layer wherein the cold and hot sputtering are continu 
ous operations to complete the metallization of the inte 
grated circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying drawings forming a material 
part of this description, there is shown: 
FIGS. 1 through 5 schematically illustrate in cross 

sectional representation one preferred embodiment of 
this invention. 
FIGS. 6 through 8 schematically illustrate in cross 

sectional representation a second preferred embodiment 
of this invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring now to FIG. 1, there is shown a portion of 
a partially completed integrated circuit. The semicon 
ductor substrate 10 is preferably composed of mono 
crystalline silicon. An insulating layer 12, preferably 
composed of TEOS oxide, borophosphosilicate glass 
(BPSG), or the like, is deposited by low pressure chemi 
cal vapor deposition (LPCVD), atmospheric pressure 
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2 
chemical vapor deposition (APCVD), or plasma 
enhanced chemical vapor deposition (PECVD) to a 
thickness of between about 4000 to 10,000 Angstroms. 
A pattern of contact openings are formed through the 

insulating structure to the semiconductor substrate 10 
wherein there may be device regions formed therein as 
is well understood by those skilled in the art. Conven 
tional lithography and etching techniques are used to 
form this pattern of openings. For simplicity, a single 
opening is shown in the Figs. and device regions in the 
semiconductor substrate are not shown, since they do 
not form a part of the invention. 
A barrier metal layer is sputtered over the surface of 

the substrate and within the contact openings. A colli 
mator is used during this sputtering so that most of the 
barrier metal coats the bottom of the opening and only 
a thin layer is formed on the sides of the contact open 
ings. The barrier metal layer is be made up of multilay 
ers. The ?rst layer 13 is composed of titanium and is 
between about 50 to 300 Angstroms thick. The second 
layer 14 is composed of either titanium nitride or tita 
nium tungsten and is between about 300 to 2000 Ang 
stroms thick, and preferably between 750 and 2000 
Angstroms thick. This second barrier metal layer pre 
vents junction leakage. A ?nal layer 15 of titanium 
between about 300 to 800 Angstroms in thickness is 
deposited to complete the barrier metal layer. The top 
titanium layer 15 overcomes the silicon nodule forma 
tion at the interface of the titanium nitride and the alu 
minum layers. It may be that the silicon and titanium 
combine to take away the possibility of silicon nodules 
forming. 
There is a cool down period, followed by the metal 

deposition, now to be described. Referring now to FIG. 
2, a ?rst cold sputtering 16 is performed. The preferred 
metal is aluminum or an aluminum alloy, such as AL 
1% Si 0.5% Cu, is used. Alternative alloys are AL 0.5% 
Cu, AL 1% Cu, AL 1% Si, AL 2% Si, and the like. The 
cold deposition rate should be as high as possible at 
more than about 150 Angstroms/ sec and preferably 
more than about 180 Angstroms/sec to assure deposi 
tion at a temperature of less than about 150° C. and to 
assure a full and continuous ?lm in the contact open 
ings. It is preferred to operate at less than about 25° C. 
If the temperature rises above about 150° C., the alumi 
num becomes mobile and nucleates in small areas caus~ 
ing the continuous ?lm to be lost. Little or no argon gas 
is used during the cold sputtering deposition. 
A hot deposition 18 (shown in FIG. 3) immediately 

follows the cold deposition. A multi-chamber sputterer, 
such as a Varian M2000/ 8 sputtering system machine 
made by the Varian Corporation, 3075 Hansen Way 
M/ S K-227, Palo Alto, Calif. 94303-1025, is used so that 
there is no interruption to move the wafer in and out of 
the sputterer. Argon is used as the heating gas during 
the hot sputtering step in the preferred sputtering ma 
chine. The chamber is heated to between about 500° to 
550° C. After cold sputtering, the wafer is moved into 
the already heated hot sputtering chamber and hot sput 
tering commences immediately. Alternatively, only one 
chamber could be used for both the cold and hot sput 
tering. The backside Argon gas could be turned off so 
that the wafer is cool for the cold sputtering, the back 
side Argon gas is turned on and the hot sputtering pro 
ceeds. The collimator is not used during the cold and 
hot metal sputtering steps, but only during the barrier 
metal formation step. 
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The hot deposition rate should be as low as possible, 
less than about 50 Angstroms/sec and preferably less 
than 20 Angstroms/sec. When hot sputtering begins, 
the void 20 is formed. This low deposition rate will 
cause the void 20 to be removed by surface tension. 

Referring now to FIG. 4, a titanium-aluminum alloy 
22 is formed between the cold deposited aluminum and 
the titanium layer 14. A high surface energy results in a 
small surface area. The surface energy of the titanium 
aluminum alloy 22 is higher than the surface energy of 
the aluminum alloy 16, 18. Therefore, the surface area 
of the titanium-aluminum alloy 22 becomes smaller and 
smaller during the process and disappears at the ?nal 
step; that is, the void 20 disappears. In FIG. 4, the void 
20 has been reduced in size. It is critical that the temper 
ature must remain above about 500° C. during the hot 
deposition; otherwise the void will not be removed 
completely. Referring now to FIG. 5, the contact open 
ing has been ?lled completely and the void removed. 
The resulting metallization has an aluminum grain size 
of as much as 3 to 5 micrometers which will not cause 
problems for the resulting device. 

EXAMPLE 

The following Example is given to show the impor 
tant features of the invention and to aid in the under 
standing thereof and variations may be made by one 
skilled in the art without departing from the spirit and 
scope of the invention. 
The following table indicates the range of thicknesses 

of the cold and hot aluminum that would be required 
for various feature sizes. 

TABLE 1 
Feature size Cold AL thickness Hot Al Thickness 
(in microns) (in Angstroms) (in Angstroms) 

0.8 2000-4000 2500-7000 
0.6 2000-4000 2500-7000 
0.5 2000-4000 2500-7000 
0.3 1500-3000 2500-7000 

The thickness is dependent upon the aspect ratio. For 
example, for a feature size of 0.6 microns, a shallow 
contact may require about 3000 Angstroms thickness of 
hot aluminum, while a very deep contact (e. g., 1.6 mi 
crometers high by 0.4 micrometers wide) may require 
about 6000 Angstroms thickness of hot aluminum. The 
hot deposition process temperature is also dependent on 
the aspect ratio, although higher than 500° C. is pre 
ferred. 

In the second preferred embodiment of the present 
invention shown in FIGS. 6 to 8, the metallization pro 
cess can be used to make multilevel interconnections; 
that is, second, third, etc., levels of metal connected to 
one another. Referring now to FIG. 6, the ?rst metalli 
zation has been completed as described above for the 
?rst embodiment. The ?rst metal layer 16, 18 (cold and 
hot sputtered aluminum, respectively) has been pat 
terned and a second insulating layer 26 has been depos 
ited over the surface of the substrate. A contact or via 
opening has been made through the second insulating 
layer 26 to the ?rst metal layer 16, 18. A barrier metal 
layer 28 is sputter deposited over the surface of the 
substrate and within the contact Opening. This barrier 
metal layer consists only of titanium deposited to a 
thickness of between about 500 to 2000 Angstroms. This 
barrier metal layer is used for wetting; to promote ad 
herence of the new metal layer to the metal exposed 
within the contact opening. A collimator may or may 
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4 
not be used in this embodiment. The problem of silicon 
nodules does not exist in this embodiment because of the 
titanium-aluminum alloy formation. 

Referring now to FIG. 7, cold sputtered aluminum 30 
is deposited at a temperature of less than about 150° C. 
and preferably less than about 25° C. as described above 
for the ?rst embodiment. The high deposition rate is as 
above. The process continues as in the ?rst embodiment 
with the hot sputtered aluminum 32 and the formation 
of the aluminum-titanium alloy 34 at the titanium/ cold 
aluminum interface. FIG. 8 shows the completed void 
free structure. As is understood by those skilled in the 
art, the contact or via 30, 32 to electrically contact 
metal contact 16, 18 can be made anywhere a 16, 18 
metal line is present on layer 12. 
The metallization process of the present invention 

can be used for all levels of metallization and results in 
a good step coverage ?lling of contact openings, even 
those with high aspect ratios, with the absence of voids. 
While the invention has been particularly shown and 

described with reference to the preferred embodiments 
thereof, it will be understood by those skilled in the art 
that various changes in form and details may be made 
without departing from the spirit and scope of the in 
vention. 
What is claimed is: 
1. The method of metallization of an integrated cir 

cuit comprising: 
providing an insulating layer over the surface of a 

semiconductor substrate; 
providing at least one contact opening through said 

insulating layer to said semiconductor substrate; 
depositing a barrier metal layer over the surface of 

said substrate and within said contact opening 
wherein most of said barrier metal is deposited on 
the bottom of said contact opening rather than on 
the sides of said opening; 

cold sputtering an aluminum layer over said barrier 
metal layer at a temperature of less than about 150° 
C. and a deposition rate of more than about 180 
Angstroms/sec; and 

hot sputtering an aluminum layer over said cold-sput 
tered layer at a temperature of more than about 
500° C. and at a deposition rate of less than about 50 
Angstroms/sec. wherein said cold and hot sputter 
ing are continuous operations to complete said 
metallization of said integrated circuit. 

2. The method of claim 1 wherein said insulating 
layer is composed of silicon dioxide deposited to a 
thickness of between about 4000 to 10,000 Angstroms. 

3. The method of claim 1 wherein said barrier metal 
layer is composed-of a multilayer of titanium, titanium 
nitride, and titanium and wherein a collimator is used in 
sputtering this multilayer so that most of said multilayer 
is deposited on the bottom of said contact opening 
rather than on the sidewalls of said opening. 

4. The method of claim 3 wherein the thicknesses of 
said multilayer are between about 50 to 300 Angstroms 
of titanium, 750 to 2000 Angstroms of titanium nitride, 
and 300 to 800 Angstroms of titanium. 

5. The method of claim 1 wherein said cold sputtering 
of said aluminum layer is performed at a temperature of 
between about 20° and 150° C. 

6. The method of claim 1 wherein said cold sputtering 
of said aluminum layer is performed at a high deposition 
rate of more than about 150 Angstroms/sec so as to 
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assure a full and continuous ?lm within said contact 
opening. 

7. The method of claim 1 wherein said hot sputtering 
of said aluminum layer is performed at a temperature of 
between about 500° to 550° C. 

8. The method of claim 1 wherein said hot sputtering 
of said aluminum layer is performed at a very low depo 
sition rate of less than about 20 Angstroms/ sec. 

9. The method of claim 8 wherein said hot sputtering 
of said aluminum layer at a very low deposition rate 
causes no void to be formed within said contact open 
mg. 

10. The method of claim 8 wherein said hot sputter 
ing of said aluminum layer at a very low deposition rate 
causes the formation of an alloy between said cold sput 
tered aluminum layer and said barrier metal layer 
wherein said alloy prevents formation of a void within 
said contact opening. 

11. The method of metallization of an integrated 
circuit comprising: 

providing a ?rst insulating layer over the surface of a 
semiconductor substrate; 

providing at least a ?rst metallization layer over said 
insulating layer; _ 

providing a second insulating layer over the surface 
of said ?rst metallization layer; 

providing at least one contact opening through said 
second insulating layer to said ?rst metallization 
layer; 

depositing a barrier metal layer composed of titanium 
over the surface of said substrate and within said 
contact opening wherein most of said barrier metal 
is deposited on the bottom of said contact opening 
rather than on the sides of said opening by a colli 
mator process; 

cold sputtering an aluminum layer over said barrier 
metal layer at a temperature of less than about 150° 
C. and a deposition rate of more than about 180 
Angstroms/sec.; and 

hot sputtering an aluminum layer over said cold-sput~ 
tered layer at a temperature of more than about 
500° C. and at a deposition rate of less than about 50 
Angstroms/sec. wherein said cold and hot sputter 
ing are continuous operations to complete said 
metallization of said integrated circuit. 

12. The method of claim 11 wherein said barrier 
metal layer is composed of titanium, titanium nitride 
and titanium. 

13. The method of claim 11 wherein the thicknesses 
of said barrier layer is between about 500 to 2000 Ang 
stroms. 

14. The method of claim 11 wherein said cold sputter 
ing of said aluminum layer is performed at a high depo 
sition rate of more than about 150 Angstroms/ sec so as 
to assure a full and continuous ?lm within said contact 
opening. 

15. The method of claim 11 wherein said hot sputter 
ing of said aluminum layer is performed at a tempera 
ture of between about 500° to 550° C. 

16. The method of claim 11 wherein said hot sputter 
ing of said aluminum layer is performed at a low deposi 
tion rate of less than about 20 Angstroms/sec. 

17. The method of claim 16 wherein said hot sputter 
ing of said aluminum layer at a low deposition rate 
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6 
causes no void to be formed within said contact open 
ing. 

18. The method of claim 16 wherein said hot sputter 
ing of said aluminum layer at a low deposition rate 
causes the formation of an alloy between said cold sput 
tered aluminum layer and said barrier metal layer 
wherein said alloy prevents formation of a void within 
said contact opening. 

19. The method of metallization of an integrated 
circuit comprising: 

providing an insulating layer over a conducting layer 
on a semiconductor substrate; 

providing at least one contact opening through said 
insulating layer to said conducting layer; 

depositing a barrier metal layer composed of titanium 
over the surface of said substrate and within said 
contact opening wherein most of said barrier metal 
is deposited on the bottom of said contact opening 
rather than on the sides of said opening by a colli 
mator process: 

cold sputtering an aluminum layer over said barrier 
metal layer at a temperature of less than about 150° 
C. and a deposition rate of more than about 180 
Angstroms/sec.; and 

hot sputtering an aluminum layer over said cold-sput 
tered layer at a temperature of more than about 
500° C. and at a deposition rate of less than about 50 
Angstroms/sec. wherein said cold and hot sputter 
ing are continuous operations to complete said 
metallization of said integrated circuit. 

20. The method of claim 19 wherein said conducting 
layer is said semiconductor substrate. 

21. The method of claim 20 wherein said barrier 
metal layer is composed of a multilayer of titanium, 
titanium nitride, and titanium. 

22. The method of claim 21 wherein the thicknesses 
of said multilayer are between about 50 to 300 Ang 
stroms of titanium, 750 to 2000 Angstroms of titanium 
nitride, and 300 to 800 Angstroms of titanium. 

23. The method of claim 19 wherein said conducting 
layer is at least a ?rst metallization layer over a ?rst 
insulating layer over said semiconductor substrate. 

24. The method of claim 23 wherein the thicknesses 
of said barrier layer is between about 500 to 2000 Ang 
stroms. 

25. The method of claim 19 wherein said cold sputter 
ing of said aluminum layer is performed at a tempera 
ture of between about 20° to 150° C. 

26. The method of claim 19 wherein said hot sputter 
ing of said aluminum layer is performed at a tempera 
ture of between about 500° to 550° C. 

27. The method of claim 19 wherein said hot sputter 
ing of said aluminum layer is performed at a low deposi 
tion rate of less than about 20 Angstroms/ sec. 

28. The method of claim 27 wherein said hot sputter 
ing of said aluminum layer at a low deposition rate 
causes no void to be formed within said contact open 
mg. 

29. The method of claim 27 wherein said hot sputter 
ing of said aluminum layer at a very low deposition rate 
causes the formation of an alloy between said cold sput 
tered aluminum layer and said barrier metal layer 
wherein said alloy prevents formation of a void within 
said contact opening. 
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